Since a substantial proportion of respiratory tract infections remain undiagnosed (20, 29) , research has been conducted to identify novel causative agents. In the past few years, several novel respiratory viruses, including human metapneumovirus (38) , severe acute respiratory syndrome coronavirus (SARSCoV) (24) , human CoV NL63 (HCoV-NL63) (7, 39) , CoV-HKU1 (17, 42, 43) , and human bocavirus (HBoV) have been identified (1) .
Human rhinoviruses (HRVs) are the most common etiological agents of upper respiratory tract infections (URTIs), or common colds. They are small, nonenveloped, single-stranded, positive-sense, RNA viruses that represent one of the nine genera belonging to the family Picornaviridae. Most HRVs have a relatively low optimal temperature for growth (33°C), which may reflect their adaptation to the human nasopharynx and association with URTIs. However, they are increasingly shown to be associated with more severe illnesses, such as pneumonia and exacerbations of asthma (12, 22, 36) . Since laboratory diagnosis of RV infection is generally not available in clinical virology laboratories, their impact on health is often ignored.
HRVs consist of more than 100 immunologically distinct serotypes, which have been shown to correlate with VP1 gene sequences (23) . HRVs have been classified according to several parameters, including receptor specificity, antiviral susceptibility, and nucleotide sequence homologies. For the latter, phylogenetic analysis of VP4/VP2 sequences has shown that all but one HRV serotype belonged to two different species, HRV-A (comprising 74 serotypes) and HRV-B (comprising 25 serotypes). The same topologies were also observed upon the subsequent analysis of the VP1, partial 2A, and 3D-coding regions (13, 18, 30, 31) . The only exception was HRV87, which was found to belong to the human enterovirus D (HEV-D) species that has both RV and EV features (3, 31) . A recent phylogenetic study using 12 HRV-A and HRV-B complete genomes suggested that HRV-B and HEV diverged from their last common ancestor after their separation from HRV-A (35) .
During the winter of 2004, a new RV genotype was identified in respiratory samples of patients from New York with influenza-like illness by using MassTag PCR (15) . Using PCR for picornaviruses, a previously undescribed HRV strain, HRV-QPM, was also identified in infants with bronchiolitis from Queensland hospitals (21) . During our recent study on HBoV infections in hospitalized children (16) , we also identified the presence of HRV sequences that did not cluster with either HRV-A or HRV-B species. In this study, we examined the presence of HRVs in nasopharyngeal aspirates (NPAs) of hospitalized children and described the clinical features of patients with HRV infections. VP4 sequence analysis demonstrated the presence of 21 strains belonging to a separate genetic cluster, clade C, distinct from HRV-A and HRV-B. The complete genome sequences of the HRV strains from three individual samples were determined and compared to those of known HRVs with available genome sequences. Based on the results, we propose that these novel HRV strains belong to a previously undetected HRV species, HRV-C.
MATERIALS AND METHODS
Patients and microbiological methods. All NPAs in this study were collected from hospitalized children (Ͻ18 years of age) in two hospitals in Hong Kong during a 1-year period (November 2004 to October 2005) and tested negative for influenza A and B viruses, parainfluenza virus types 1, 2, and 3, respiratory syncytial virus (RSV), and adenovirus by direct immunofluorescence and for human metapneumovirus, HCoV-229E, HCoV-OC43, HCoV-NL63, and CoV-HKU1 by reverse transcription (RT)-PCR (17, 25, 41, 42) . Eighty-three NPAs positive for HBoV in our previous study and 120 NPAs negative for HBoV (10 NPAs were randomly selected per month) were subjected to RT-PCR for HRV. PCR for HBoV was performed as described previously (1, 16) . The clinical features, laboratory results, and outcome of illnesses in patients positive for HRV were analyzed.
RT-PCR for HRV and sequencing. Viral RNA was extracted from NPAs by using a QIAamp viral RNA mini kit (QIAgen, Hilden, Germany). RT was performed using random hexamers and a SuperScript II kit (Invitrogen, San Diego, CA) as described previously (42, 43) . PCR for HRV was performed using protocols described previously, using conserved primers covering the VP4 region (31) . The amplified products were detected by agarose gel electrophoresis. Both strands of the PCR products were sequenced twice with an ABI prism 3700 DNA analyzer (Applied Biosystems, Foster City, CA), using the PCR primers. The nucleotide sequences of the VP4 regions were compared to those of HRV-A and HRV-B strains with sequences available in GenBank. Phylogenetic tree construction was performed using the neighbor-joining method with GrowTree using Kimura's two-parameter correction, with bootstrap values calculated from 1,000 trees (Genetics Computer Group, Inc.).
Complete genome sequencing and genome analysis of HRV-C. Since sequence analysis suggested the presence of a previously undetected HRV species in 21 NPAs, the complete genomes of the HRV strains from three of these NPAs were amplified and sequenced using the strategy described in our previous publications (16, 42) . The RNA was converted to cDNA by a combined random priming and oligo(dT) priming strategy. The cDNA was amplified by degenerate primers designed by multiple alignment of the genomes of HRV-A and HRV-B strains available in GenBank and additional primers designed from the results of the first and subsequent rounds of sequencing. These primer sequences are available on request. The terminal sequences were confirmed by rapid amplification of cDNA ends using a 5Ј/3Ј rapid amplification of cDNA ends kit (Roche, Mannheim, Germany). The nucleotide and the deduced amino acid sequences of the single open reading frame in each genome were compared to those of HRV-A and HRV-B strains with sequences available in GenBank. Phylogenetic tree construction was performed using the neighbor-joining method with GrowTree using Kimura's two-parameter correction, with bootstrap values calculated from 1,000 trees (Genetics Computer Group, Inc.).
Viral cultures. Attempts to isolate HRV-C were made by inoculating RT-PCR-positive specimens to human cell lines, including Hep2, RD, HeLa, MRC-5, WI-38, FRhK-4, and Vero E6 cells. Viral replication was monitored by observation for cytopathic effects and RT-PCR.
Nucleotide sequence accession numbers. The complete genome sequences of the three strains of HRV-C have been deposited in the GenBank sequence database under accession no. EF582385 to EF582387. Phylogenetic analysis of the VP4 genes from these 26 NPAs showed that 5 belonged to HRV-A species and 21 belonged to a distinct genetic cluster, clade C, with Ͻ63% nucleotide identities to known HRV-A strains and Ͻ61% identities to known HRV-B strains (Fig. 1A) . The sequences of the latter 21 strains also possessed 62% to 83% nucleotide identity to an unclassified HRV strain, 003-HRV NY, from New York, the United States (GenBank accession no. DQ875929), and 65% to 89% identity to another HRV strain, HRV-QPM, from Queensland, Australia (GenBank accession no. EF186077). 003-HRV NY and related strains were detected in patients with influenzalike illness, whereas HRV-QPM was identified in infants with bronchiolitis (15, 21) . The results suggested that these novel HRV strains are closely related and represent a previously undetected HRV species, proposed to be named HRV-C.
RESULTS

Detection of HRV in
Clinical characteristics of HRV-C infections. Of the 21 children with HRV-C infections, 15 had underlying diseases, with respiratory diseases being the most common (Table 1) . Fever was present in all patients, and coryzal symptoms, such as cough and rhinorrhea, were common. Three (14%) children had URTI as the sole diagnosis, and two (10%) had gastroenteritis in addition to coryzal symptoms. Four (19%) had pneumonia. Wheezing or asthmatic exacerbations were common (16 [76%] of 21 cases), especially in those with a history of febrile wheeze or asthma. Two patients' illnesses were complicated by acute nonsuppurative otitis media and acute sinusitis, respectively. Twelve of these 21 children had HBoV codetected in their NPAs. However, no difference in disease severity was observed between those with and without HBoV codetection. Interestingly, two separate NPAs (samples 13 and 18), both positive for HBoV, collected 2 weeks apart from the same patient during the same admission were found to possess two different strains of HRV-C (Table 1 and Fig. 1A ). Except for one case detected in August, all HRV-C infections were detected from October to February (Fig. 1B) .
Complete genome analysis of HRV-C. Since phylogenetic analysis of the VP4 region suggested the presence of a previously undetected species, HRV-C, in 21 of the 26 samples, the complete genomes of three HRV-C strains from three patients (HRV-C 024, HRV-C 025, and HRV-C 026) were amplified and sequenced. The genome of HRV-C was relatively small compared to other reported genomes of Picornaviridae as a result of a number of deletions, with 7,086 to 7,114 nucleotides and GϩC content of 42 to 43% [excluding the 3Ј poly(A) tract]. The genome organization was the same as those of HRV-A and HRV-B, comprising a 5Ј noncoding region (5Ј-NCR) of 611 to 616 nucleotides, a single open reading frame of 6,429 to 6,459 nucleotides encoding a single polyprotein of 2,142 to 2,152 amino acids, and a 3Ј-NCR of 39 to 49 nucleotides prior to a polyadenylated tract.
The predicted amino acid sequence of the polyprotein showed 51% identity to that of HRV-A and 48% to that of HRV-B. This precursor polyprotein is believed to be translated in the host cell cytoplasm and processed by virus-encoded proteases to yield the mature viral proteins. The arrangement of these resulting proteins is the same as that in HRV-A and HRV-B ( Table 2 ). The capsid-coding region (P1) encodes the capsid gene products VP4, VP2, VP3, and VP1, while the P2 region encodes 2A protease, 2B, and 2C, and the P3 region encodes 3A, VPg (small genome-linked protein) 3B, 3C protease, and 3D (RNA-dependent RNA polymerase). Comparison with HRV-A and HRV-B strains with available complete genome sequences allowed the prediction of putative protease cleavage sites which were largely similar to those in other HRVs (Table 3) . However, a distinct alignment-predicted cleavage site was noted between VP4 and VP2, where a methionine-serine pair was present in all three HRV-C strains and HRV-QPM, compared to a glutamine-serine pair observed in HRV-A and an asparagine-serine pair in HRV-B. This methionine-serine pair has only been described in picornaviruses other than RVs (2) . Since this site was not cleaved by the viral proteases and the mechanism of cleavage remains unknown, further studies are required to determine the significance of such a change from hydrophilic residues to a hydrophobic residue.
Comparison of the deduced amino acid sequences of the predicted individual cleaved proteins from HRV-C indicated that the least homology to the two known HRV species was found in 3A (42% identity to HRV-A and 30% identity to HRV-B) and the greatest in VP2 (63% identity to HRV-A and 62% identity to HRV-B) ( Table 2 ). However, major insertions and deletions were mainly observed in VP1 compared to VP1 of HRV-A and HRV-B. Phylogenetic analysis of the 5Ј-NCR, VP1, 3C, and 3D showed that the three HRV-C strains, together with the HRV-QPM strain from Queensland, formed a separate clade distinct from HRV-A and HRV-B, although they were more closely related to HRV-A (Fig. 2) . Most of the other regions of the polyprotein displayed similar topologies upon phylogenetic analysis. Although the three HRV-C strains formed a distinct cluster away from HRV-A and HRV-B in most genes, they exhibited significant sequence variations among themselves, with Ͻ70% amino acid identity in VP1, suggesting the possibility of the existence of different serotypes (Table 2) . Within the 3D region, the YGDD motif thought to be a common nucleic acid recognition site and the downstream YGL, FLKR, and SIRWT motifs shared by HRV-A, HRV-B, and EVs were present (4, 30) .
Conserved motifs and functional domains in VP1 of HRV-C. The capsid of HRV is composed of the three larger proteins VP1, VP2, and VP3, whereas the smaller VP4 is located inside the capsid shell. In particular, VP1 is the largest and most surface-exposed protein and contains most of the motifs important for interaction with neutralizing antibodies, cellular receptors, and antiviral agents (18, 28) . Therefore, amino acids and motifs conserved within the VP1 of HRV-C in comparison to those in HRV-A and HRV-B were examined. Alignment of VP1 of the three HRV-C strains and HRV-QPM and those of prototype strains of HRV-A and HRV-B showed that the most striking differences between HRV-C and the other two species were found in the BC and DE loops, where deletions have occurred (Fig. 3 ). Since these two loops have been shown by X-ray crystallographic analysis to be located at the viral surface and harbor major neutralization antigens in other HRVs (27, 32) , HRV-C may have evolved under serological selection by deleting these antigenic epitopes. Among the 10 amino acid motifs previously reported to be conserved between HRV-A and HRV-B (14), six were found to have undergone amino acid substitutions in HRV-C (Fig. 3) .
Despite the antigenic diversity of HRVs, they utilize only two main receptors. All HRV serotypes except HRV87 bind to either intercellular adhesion molecule 1 (ICAM-1) (major receptor, used by 90% of known HRV serotypes) or low-density lipoprotein receptor (LDL-R) (minor receptor) as their receptor (10, 37). HRV87, which represents a unique serotype belonging to EV-D, may share the same receptor, decay accelerating factor, with EV 70 and several echovirus serotypes (3). While the major (ICAM-1) receptor-binding serotypes were distributed among both HRV-A and HRV-B, minor (LDL-R) receptor-binding serotypes were found exclusively in the HRV-A species (18) . On the basis of interactions between ICAM-1 and the canyon floors of HRV14 and HRV16, a set of nonlinear, species-specific, potentially ICAM-1-interacting amino acid residues in VP1 and carboxy-terminal VP3 that are conserved among the major (ICAM-1) receptor group have been identified previously (14) . When the corresponding amino acid residues, based on amino acid sequence alignment, in HRV-C were studied, only five of the seven and four of the nine conserved residues were observed between HRV-C and the major receptor serotypes of HRV-A and HRV-B, respectively ( Table 4) . As for the VLDL or minor receptor group of HRVs, it has previously been reported that Lys 224 was essential for interaction with the minor receptor protein (40) . This Lys 224 was not found in VP1 of HRV-C and HRV-QPM. Most of the amino acids identified in the contact region between echovirus 7 and decay accelerating factor were also not present (9) . Therefore, HRV-C may either utilize different receptors or use very different contacting amino acids for interaction with the same receptors as HRV-A and HRV-B. Since attempts to stably passage HRV-C in cell lines were unsuccessful, which could be related to the lack of a susceptible cell line or the quality of the stored specimens, further studies are required to elucidate the receptor for HRV-C. HRV-C 024 HRV-C 025
a Unique amino acid residues at cleavage sites observed in HRV-C are in bold. b Conserved amino acid residues at cleavage sites based on multiple alignment of 26 HRV-A sequences from GenBank with the following accession numbers: HRV30, DQ473512; HRV55, DQ473511; HRV75, DQ473510; HRV28, DQ473508; HRV53, DQ473507; HRV46, DQ473506; HRV36, DQ473505; HRV88, DQ473504; HRV7, DQ473503; HRV76, DQ473502; HRV34, DQ473501; HRV59, DQ473500; HRV44, DQ473499; HRV10, DQ473498; HRV23, DQ473497; HRV49, DQ473496; HRV38, DQ473495; HRV74, DQ473494; HRV15, DQ473493; HRV73, DQ473492; HRV41, DQ473491; HRV39, AY751783; HRV16, L24917; HRV89, A10937; HRV1B, D00239; and HRV2, X02316.
c Conserved amino acid residues at cleavage sites based on multiple alignment of seven HRV-B sequences from GenBank with the following accession numbers: HRV14, NC001490; HRV4, DQ473490; HRV70, DQ473489; HRV48, DQ473488; HRV35, DQ473487; HRV6, DQ473486; and HRV3, DQ473485.
FIG. 3.
Comparison of the deduced amino acid sequences of VP1 in the three strains of HRV-C and HRV-QPM to those of HRV-A and HRV-B strains. The 10 motifs conserved between HRV-A and HRV-B, based on X-ray crystallographic analysis described previously, are shaded. Amino acid substitutions within the corresponding motifs in HRV-C are in bold. The putative secondary structures are marked above the sequence alignment. * , amino acid residues fully conserved across the RVs; :, strongly conserved residues; ., weakly conserved residues.
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Apart from being important for antibody recognition and receptor binding, VP1 also contains a hydrophobic pocket into which small-molecule antiviral compounds, such as pleconaril, bind and inhibit capsid functions. Analysis of the amino acids within the drug-binding pocket has previously demonstrated correlation with pleconaril susceptibility (18) . While all HRV-A strains reported to date were susceptible to pleconaril, the presence of Phe 152 and Leu 191 in HRV-B strains was found to be "diagnostic" of naturally occurring resistance to pleconaril, although Thr 191 was also found in strains with higher 50% effective concentrations of pleconaril. While Phe 152 was present in VP1 in two of the three HRV-C strains and HRV-QPM, all three HRV-C strains and HRV-QPM possessed a Thr 191 (21) . However, experimental data are necessary to determine if HRV-C is resistant to pleconaril.
DISCUSSION
We report the clinical features and complete genome characterization of a distinct HRV genetic cluster, HRV-C, detected in NPAs from children with acute respiratory tract infections. Among the 26 HRV strains identified, 21 were found upon VP4 sequence analysis to belong to a separate cluster distinct from HRV-A and HRV-B, suggesting that they represent an additional HRV species. HRV strains recently reported in GenBank by two different groups of scientists, from the United States and Australia, respectively, were also found to fall into the same cluster upon phylogenetic analysis (Fig.  1A) . These data suggest that HRV-C is circulating worldwide and is associated with acute respiratory infections.
Complete genome analysis reveals that HRV-C probably represents a previously undetected HRV species. In the New York study, only the VP4 and VP1 regions were sequenced, without further characterization of the virus (15) . In the study from Queensland, the polyprotein gene sequence was determined in one of the HRV-QPM strains. Based on phylogenetic analysis of the VP regions, the authors concluded that HRV-QPM strains were most closely related to, but distinct from, HRV-A and classified them as HRV-A2 (21) . To better characterize this potentially distinct HRV species, we performed complete genome sequencing on three HRV-C strains and carried out comparative analysis with available HRV genomes. Although the genome organization of HRV-C concurs with that of HRV-A and HRV-B, the genome size of HRV-C was relatively small, which may reflect its different phylogenetic position. Similar to known HRVs, the HRV-C genome tended to be AϩU rich ( Table 2 ) and had a marked preponderance of AϩU in the third codon position (61.6% to 67%) compared to the occurrence in EVs (11) . The polyprotein of HRV-C possessed equally low amino acid identities to those of HRV-A (51%) and HRV-B (48%). While the P1 region of HRV-C possessed higher amino acid identity to that of HRV-A than that of HRV-B, the P3 region possessed higher amino acid identity to that of HRV-B than that of HRV-A (Table 2) . Phylogenetic analysis of the 5Ј-NCR and the predicted proteins revealed that HRV-C strains formed a distinct cluster away from HRV-A and HRV-B, indicating that they represent a previously undetected species within the HRV genus.
HRV-C exhibits additional genomic features that are distinct from HRV-A and HRV-B. A putative cleavage site different from that of HRV-A and HRV-B was identified between VP4 and VP2. Upon further analysis of the VP1 region, major insertions and deletions were observed compared to VP1 of HRV-A and HRV-B, especially in regions that were important for neutralization in other HRVs. Motifs conserved between VP1 of HRV-A and HRV-B were also frequently found to contain amino acid substitutions in HRV-C. HRV-C has apparently never been detected in cell culture, as HRV-A and HRV-B were both first grown in tissue cultures. These data suggest that HRV-C may be made up of new serotypes, but this would need to be confirmed by neutralization assays using antisera on culture isolates when available. Further studies on cytopathic effect and antiviral and acid sensitivity assays should also be performed to better characterize HRV-C. Nevertheless, the present data suggest that it is more appropriate to classify HRV-C as a separate species than a subspecies of HRV-A.
HRV-C appears to be an important cause of febrile wheeze and asthmatic exacerbation in children requiring hospitalization. The new HRV genotypes detected in the New York study were from patients with influenza-like illness (15) . However, no additional demographic or clinical data were provided. In the Queensland study, 5 of the 17 strains were identified from infants with bronchiolitis, while two were from adults of whom one had exacerbation of chronic obstructive pulmonary disease (21) . In this study, HRV-C was found among 21 (10.3%) of 203 NPAs from children hospitalized for acute respiratory illness. Febrile wheeze or asthma was the most common presentation (76%) among those with HRV-C infections, especially in children with a history of wheeze/asthma and chronic lung diseases. This is in line with previous studies that demonstrated HRV-A major receptor 
a Amino acid residues conserved among the three HRV-C strains and HRV-QPM.
associations between RV and asthmatic exacerbations (22, 26) . Our results suggest that HRV-C may contribute to a significant proportion of febrile wheeze in infants and young children under 2 years of age and asthmatic exacerbations in older children. HRV-C infections appear to peak in fall and winter. Since only samples from children were included in the present study, further studies are required to determine the epidemiology and clinical disease spectrum of HRV-C infections in adults.
Since HRVs are often considered to be of little health impact and clinical significance, the possible existence of novel species and relative importance of the different species were poorly investigated. Moreover, genomic studies on HRVs have been limited in the past, with only five HRV-A and one HRV-B genomes published before 2007 until a recent report of 12 HRV-A and HRV-B genomes (5, 6, 8, 11, 19, 33, 34, 35) . Recently, increasing numbers of reports have implicated HRVs in more severe URTIs and lower respiratory tract infections in children, the elderly, and immunocompromised adults (12, 22, 36) . In a population-based surveillance study on RV-associated hospitalizations in the United States, 156 (26%) of 592 children hospitalized with respiratory symptoms or fever were found to be RV positive, causing 5 hospitalizations/1,000 children Ͻ5 years old (22) . This detection rate was even higher than for RSV (20%) in their study population, in contrast to the historical belief that RSV is the most important virus associated with hospitalizations due to acute respiratory illness in young children. However, no genotyping was performed to determine the species responsible for the infections. In the New York study, among the 13 HRVs with VP4 regions successfully sequenced, two belonged to HRV-A, three belonged to HRV-B, and eight were novel strains belonging to HRV-C (15) . In the present study, 13% (26/203) of NPAs from children hospitalized for respiratory tract infections were positive for HRVs. This suggests that HRVs are important causes of hospitalizations in children in our locality, despite the fact that HRVs often cause mild respiratory illness that often does not result in hospitalizations, which also explains the relatively low detection rate in the present study. Although our PCR assay would have allowed the detection of HRV-B, none of the 203 samples were positive for HRV-B. As the sensitivities of the present PCR towards the three HRV species were not studied, it remains to be determined if HRV-C was the most prevalent species in our population. There was no apparent difference between the clinical manifestations of HRV-A and HRV-C infections in the present study. However, given the small number of patients with HRV-A infections in this study, further epidemiological studies are also required to compare the clinical significance of the different species of HRVs.
